In a long-term observing project we have imaged a complete sample of FRII quasars and radio galaxies with z < 1.0 at high resolution and high sensitivity with the VLA and MERLIN. This sample of 98 sources includes 15 quasars, 11 broad line radio galaxies and 57 narrow line radio galaxies, allowing unification to be considered in terms of source morphological properties. Radio maps of all the targets have been presented in earlier papers. Here we carry out a systematic analysis of the properties of the jets, cores, lobes and hotspots of objects in the sample. The majority of the tests that we perform show that the data are consistent with a model in which quasars and broad-line radio galaxies are unified with narrow-line objects. Relativistic beaming is the main effect that determines the properties of kiloparsec-scale jets, and it may also have some effect on hotspots. However, some properties of the sample are difficult to account for in simple unified models.
INTRODUCTION
type II radio sources (hereafter FRIIs) are powerful sources associated with bipolar outflows that extend great distances from the central engine, remaining highly collimated as they do so. They can be divided into different classes based on features of their optical spectra: radio-loud quasars (Qs), broad line radio galaxies (BLRGs), narrow line radio galaxies (NLRGs) and low excitation radio galaxies (LERGs) can all be FRIIs. A principal defining characteristic is the presence, or absence, of broad line emission, with the Qs and BLRGs having both broad and narrow line emission lines, the NLRGs having narrow line emission only and the LERGs lacking strong high-excitation lines of either type (Hine & Longair 1979; Laing et al. 1994) .
The current standard unification scheme proposes that the Qs, BLRGs and (at least some of) the NLRGs are intrinsically part of the same population (Scheuer 1987; Barthel 1987 Barthel , 1989 . In this model, the broad emission line region lies close to the very compact central engine and is surrounded by a dusty torus, whereas the narrow line emission region lies further out. Sources that are viewed along or close to the axis of the torus show both broad and narrow line emission -these are the Qs and BLRGs, which we refer to collectively as broad-line objects -but the broad line emission region is obscured for those that are oriented closer to the plane of the sky, the NLRGs. Thus differences in the orientation of the source axis to the observer's line of sight are the origin of the three spectral classes. The LERGs lie outside of this scheme; it has been suggested (e.g. Barthel 1994 ) that LERGs form part of the ⋆ E-mail: mullin@extragalactic.info (LMM) † E-mail: julia@mrao.cam.ac.uk (JMR) ‡ m.j.hardcastle@herts.ac.uk (MJH) parent population of BL Lac objects rather than core-dominated Qs and should not show broad line emission at any angle to the lineof-sight, a model consistent with their nuclear properties at other wavebands (Chiaberge, Capetti & Celotti 2002; Hardcastle, Evans & Croston 2006 ).
An important detail of the model arises from the fact that the observed luminosity distributions of Qs and BLRGs are not the same. Qs are more powerful and found at higher redshifts (or, equivalently in a flux-limited sample, higher radio luminosities) than the BLRGs; for example, in the 3CR sample (Bennett 1962) Qs are found only with z 0.3, while BLRGs are found with z 0.3. It has been suggested that BLRGs may be the lowluminosity equivalents of Qs, or that they lie near the critical angle dividing the quasars and radio galaxies (Barthel 1989; Hardcastle et al. 1998, hereafter H98) . While some high-luminosity BLRGs may indeed be intermediate objects, it is clear that at low luminosity, where there are no Qs, BLRGs are the only candidate for the aligned counterpart of the population of low-luminosity NLRGs.
Often FRIIs exhibit a bright linear feature called a jet that extends at least some of the distance between the central feature, the core, and the bright hotspot at the end of the lobe. The jets in most FRIIs are one-sided: either no counterjet is seen or it is much fainter than the feature that is identified as the jet. Relativistic beaming of the jet emission is invoked to explain this asymmetry, as the large scale lobe morphology appears otherwise roughly symmetric. The jet detection rate is higher for Qs and BLRGs than for NLRGs; this can be explained in unified models, since for the broad-line objects the beamed jet is aligned closer to the line of sight and appears brighter. The jet detection rate for LERGs is the highest of all classes (e.g. Mullin, Hardcastle & Riley 2006 ) which may be re-lated to systematic environmental differences between some of the LERGs and the other emission-line types (Hardcastle 2004) .
Further evidence in support of relativistic beaming in jets is provided by the Laing-Garrington effect Garrington et al. 1988) , which is the association of the jet side with the less depolarized lobe. High-resolution multi-frequency observations indicate that the depolarization occurs in an external Faraday screen, so that the less depolarized lobe is expected to be the lobe closer to us; any tendency for the (brighter) jet to be associated with this lobe then implies that beaming is an important factor in jet detection (Scheuer 1987) .
While various aspects of the unification and beaming model have been tested and discussed in the literature, there has been little work using complete samples of radio sources free from orientation bias that include sufficient numbers of objects of all spectral classes to give statistically significant results. Good quality observations of such a sample, with both high resolution and sensitivity, are therefore vital, and this has been the rationale behind a longterm observational project in which we have mapped a complete sample of the brightest FRII radio sources with z < 1.0. The sample, which is defined in section 2, includes 98 sources. Maps of these have been presented in a series of papers: Black et al. (1992) , Leahy et al. (1997) , Hardcastle et al. (1997) , Gilbert et al. (2004) and Mullin, Hardcastle & Riley (2006) . These maps are available online 1 along with a database of all measurements analysed and discussed in this paper. The sample includes 15 Qs, 11 BLRGs and 57 NLRGs, thus enabling aspects of unification to be tested along with trends in source properties over the wide redshift and luminosity range spanned by the data. In section 2 we also define a number of morphological and flux parameters corresponding to the observed source properties and describe our measurement methods.
We examine the properties of the lobes, cores and jets and hotspots in sections 3, 4 and 5 respectively. For each feature, observational effects are considered as well as trends across the power, redshift and source size range of the sample and we quantify these where appropriate with statistical tests. The significance of linear correlation is tested for using Spearman's rank correlation coefficient. For the core and jet prominence data, however, this is not possible as only upper limits on these parameters are available for some sources: in statistical terminology, the data are censored. Instead, a modified Kendall's τ rank correlation coefficient as implemented in the survival-analysis package ASURV (LaValley, Isobe & Feigelson 1992 ) is used for these data. The Kolmogorov-Smirnov (hereafter K-S) test determines if it is the case that the culmulative distribution function of two samples differ and is used to address the question of whether some property of two subsamples of the data (that is, subsamples defined by power, redshift and size cutoffs or by spectral class) differ significantly. It is sensitive to differences in both location and shape of the functions. No modification of the K-S test to take account of censoring is available to us, and so we do not use it in situations where censoring is important. The WilcoxonMann-Whitney (hereafter W-M-W) test is also used to determine if two defined subsamples differ, but in this case the null hypothesis tested is that the probability of an observation of one population exceeding an observation from the second is 0.5. Thus the W-M-W test is used to determine whether there is a significant difference in the magnitude of the quantity of interest between the two subsamples, that is, if one dataset has significantly smaller or larger values than the other. In order to treat censored data correctly when 1 See http://zl1.extragalactic.info/ testing for such differences, a generalized W-M-W test is used, the Peto-Prentice test, which is implemented in ASURV. Finally, the binomial test is used to determine the statistical significance of any correlation with jet or longer lobe side for a number of properties. The significance of all test results is discussed in the text and the results are tabulated. We take a result to be significant enough to be discussed if the null hypothesis is rejected at better than the 95 per cent confidence level.
The interpretation of the observed properties of our sample sources, and the evidence for and against unified models, is discussed in section 6. The quantitative implications of our results for beaming in the cores and jets of powerful radio galaxies will be discussed in a separate paper.
The spectral index, α, is defined throughout the paper in the sense that S = v −α (where S is the flux and v denotes the frequency) and we assume that H 0 = 70 kms −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7.
THE DATA

The Sample
The sample is selected from the complete flux-limited sample of Laing, Riley & Longair (1983, hereafter LRL) , which is itself based on the 3CR survey. The LRL sample includes all the sources with total source flux densities measured at 178 MHz S 178 > 10.9 Jy (on the scale of Baars et al. 1977 ) with dec > 10 • and |b| > 10 • . At this low frequency the source flux is dominated by the emission from the large-scale lobe structure, so that little contribution should be made by Doppler-boosted components, which should ensure the sample is as free as possible from orientation bias. There are 173 LRL sources in total, including 29 FRI and 125 FRII objects. All 98 FRII radio galaxies and quasars with z < 1.0 are listed in Table  1 , which includes references to all the radio maps from which the data analysed in this paper have been obtained.
Parameter definitions and measurement methods
Lobe size
Since many sources show distortion and bending in the jet and lobe features, there is no obvious single definition of source size. Shocks associated with the deceleration of the outflow are often assumed to produce the observed hotspot features, in which case the core-hotspot separation should represent a measure of the beam length; however, multiple hotspots are commonly found so the core-hotspot separation as a parametrization of beam length is not without ambiguity. The same ambiguity will affect the lobe size measured along the core-hotspot axis, which could represent the extent of the post-shock flow of beam material along the beam axis. Finally, the largest angular size of the lobe does not always lie along the core-hotspot axis or the apparent flow direction, as a few sources appear distorted with considerable lateral extension in the lobes.
Accordingly, three source length measurements have been made. The angular core-hotspot separation is the angular distance between the core and primary hotspot (defined in section 2.2.6) within a lobe, Θ c−hs , and is measured using the hotspot positions obtained from the highest resolution map available for the source. Θ l , the angular lobe length, is defined as the maximum angular lobe size measured from the core along the core-primary hotspot axis. The largest angular size of the lobe, Θ LAS l , is the maximum angular distance of the lobe edge from the core. Θ l and Θ LAS l are measured from the core to the 3σ contour (where σ is the off-source root mean square noise level) from the lowest resolution map available for the source. This criterion was chosen to give a consistent measure across the sample.
The procedure above introduces a potential source of bias, as the position of the 3σ contour will be dependent on observing resolution. Taking size measurements from the highest resolution map available would minimize this effect but, as the low level emission from the lobes is often resolved out at high resolution, the extent of the large scale structure might be underestimated if this approach were taken. The Θ l and Θ LAS l measurements have therefore all been made from the lowest resolution map available and a correction factor has been applied to compensate for resolution dependent beam-width smearing. The correction is that used by Gilbert & Riley (1999, hereafter G99). The maximum intensity, m, within two half-power beam widths of the apparent lobe edge (measured at the 3σ contour level) is found on the relevant axis. The half-width at the 3σ level of a Gaussian, of height m and with a half-power beam width equal to that of the restoring beam, can then be determined and subtracted from the apparent lobe length to correct for the effect of finite beam width.
All angular size measurements, Θ c−hs , Θ l and Θ LAS l , are converted respectively to linear sizes, c − hs, l and LLS l . The resolution correction factor is first subtracted from Θ LAS l and Θ l ; that is, l and LLS l are quoted with the factor applied. (For this conversion the proper distance, R, is calculated using the ANGSIZ code 2 .)
Although l and LLS l are not always the same within a lobe, as the core-hotspot axis may differ from that of the largest angular extent of the lobe from the core, in practice the difference between these two parameters is usually small, as illustrated in Fig. 1 . In the following analysis LLS l is therefore used as the lobe size measurement and in the evaluation of the lobe axial ratio and lobe size asymmetry, both of which are discussed below in sections 2.2.2 and 2.2.3 respectively. The total linear source size, LLS s , is defined as the sum of LLS l of both lobes.
In order to consider jet detectability (see section 4.1) we define the fractional observed lobe length, f l , as the ratio of the observed extent of the lobe emission measured along the LLS l axis from the inner lobe edge at the 3σ contour to the lobe extremity, to LLS l .
Lobe axial ratio
The definition of the lobe width, Θ w , is problematic as the morphologies of the lobes, both within individual sources and from source to source, are often very different. As Θ w is to be used to determine the lobe axial ratio, a measurement representing the width at a set distance from the core, relative to the lobe extent, is appropriate. Not all sources have lobes extending back to the core but lobe emission is detected at least 2/3 along the core-hotspot axis from the core in all but 6 lobes. Θ w has therefore been defined as the width of the lobe perpendicular to the core-primary hotspot axis as measured from the core at the point two-thirds along this axis. The 3σ contour is used to determine the lobe edge and measurements are made from the lowest resolution map available. This definition of lobe width was found to allow greater consistency in the measurement of Θ w across the sample than other definitions that have sometimes been used in the literature, such as the Gaussian FWHM (e.g., Leahy & Williams, 1994) , given that the data here are highresolution 8-GHz maps often with many beam widths across the lobes. While a Gaussian distribution represents a reasonable model of a slice taken through many lobes in the sample, a significant number would require multiple components to be fitted, as structure is detected in the lobe, which reduces the usefulness of this definition of width for our data.
The linear lobe width, w, is obtained from Θ w and the lobe axial ratio, R ax , is defined as LLS l over w.
Lobe size asymmetry
The lobe size asymmetry is defined by the fractional separation difference, x, as defined by Banhatti (1980) :
where D 1 and D 2 are the two lobe sizes. D 1 may be taken as the longer lobe, giving x lobe , or as the jet-side lobe if a jet is detected, giving x jet . Previous studies have argued that using LLS l to define x lobe and x jet is preferable to c − hs as from observations of multiple hotspots, hotspots are inferred to be transient features in the lobe (Scheuer 1995; Arshakian & Longair 2000, hereafter AL00) . At the very least the physical region of the source to which hotspots correspond is ambiguous. Therefore, LLS l is used throughout to define x lobe and x jet .
Cores
The core measurements were obtained using the AIPS task JMFIT, which fits an elliptical gaussian model of between one and four components to a feature. One component was fitted and the peak intensity was taken as the core flux. As most cores in the sample were unresolved at all resolutions such a model fitted the data well; three measurements were made in this way (with different starting parameters) and averaged to give the final value. A corresponding error was obtained from the square root of the average of the squared formal errors returned from the fitting procedure. For around two thirds of the sample this error is less than 2 per cent of the core flux, so the calibration error (expected to be 2-3 per cent) will dominate. Errors quoted therefore correspond to 3 per cent of the core flux measurement, unless the formal error from JMFIT is greater, in which case the latter is quoted. Core measurements have been taken from the highest resolution multi-array maps available for each source. For 7 sources, the core feature was either not detected or not well defined in the map and a 3σ upper limit for the core flux based on the local r.m.s. noise level was obtained. A few sources had variable cores -in these cases the core flux quoted is the lowest value measured. For details, see the papers in which the observations are presented as referenced in Table 1 .
Jets
A jet feature is defined by criteria based on those of Bridle & Perley (1984) . Thus, a jet is any feature that is (i) at least four times as long as it is wide; (ii) separable at high resolution from other extended structures (if any), either by brightness contrast or spatially (e.g. it should be a narrow ridge running through more diffuse emission, or a narrow feature in the inner part of the source entering more extended emission in the outer part).
In some sources jets appear to bend, in particular as they reach the hotspot region. As discussed by Bridle et al. (1994) , this could have consequences for beaming model analysis. Thus, following H98, we also define the straight jet, which fits the above criteria (i) and (ii) but also must be aligned with the compact radio core where it is closest to it (and is measured from the end closest the core along its length only while the deviation from a straight line is less than the jet radius), and the total jet, which fits the above criteria (i) and (ii) and has no alignment restriction (and includes the entire feature that is visible).
The method of measurement for both features is the same as that adopted by H98. The straight jet was measured using the AIPS task TVSTAT to find the integrated flux within the region containing the apparent jet emission, F obs . A background flux correction was made by integrating two regions identical in size to the initial jet measurement on either side of the feature. The average of these, B obs , was then subtracted from the jet measurement to give the observed jet flux, J obs = F obs − B obs . In order to get the best estimate of J obs , three values of jet flux were taken this way and averaged. The error in J obs is almost always dominated by the ambiguity in defining the jet emission itself and so the errors quoted are half the measured maximum range of the three jet measurements made.
For the total jet TVSTAT is used to measure the integrated flux of the entire jet feature in the manner described for the straight jet, usually in straight sections that are then combined to give the total jet measurement. There are only 4 sources for which the more prominent feature defined by the straight jet criteria is not in the same lobe as that defined by the total jet criteria. Otherwise, the total jet measurement is often the same as the straight measurement (37 out of 65 sources with at least one possible or definite jet detection) or simply includes some further extension beyond a bend in the jet. In a few sources, the detected jet appears misaligned with the source axis such that the feature is thought to be associated with the flow downstream from some presumed bend in the beam. For these sources, the total jet measurement then corresponds to this feature.
Apparent jet-like features that fail the jet criteria are classified as possible jets and the fluxes of these are measured in the same way as definite jets. Typically these are features that are not prominent enough to be definite jets, though several fail on the length criterion. For those sources with a visible jet on both sides of the core, the brighter feature is defined as the jet, while the other jet is referred to as the counterjet. Where no jet emission is detected, an upper limit on the jet flux is estimated by measuring the integrated flux of a region ∼ 2 restoring beam widths across the entire distance between the core and hotspot region. Background flux is corrected for in the same manner as for the definite and possible jets by taking two further integrated flux measurements either side of the initial region. However, if the flux associated with the central region is not the highest of the three, then the upper limit estimate is the positive difference between the central measure and the lower of the other two.
The straight jet measurement is used for considering beaming models and is used to define the jet side for parameters such as x jet and hotspot ratios (defined in section 2.2.6). The total jet is used when jet morphology is considered. This is parametrized in the following way. The angular total jet length is defined to be the angular length of the feature identified as the total jet. The corresponding angular jet position and jet termination are the angular separation of the base of the jet (that end of the feature nearest the core) and the tip of the jet (the end of the jet furthest from the core) from the core. The fractional jet length, f j l , fractional jet position, f j p and fractional jet termination, f j t are respectively the ratio of the linear jet length, position and termination to the lobe length, l. Note that the jet axis is not always the same as that along which the lobe length has been measured, giving a source of scatter in all three parameters.
Hotspots
Following H98, the hotspot is defined as any feature that is not part of a jet and that has a largest dimension smaller than 10 per cent of the main axis of the source as well as having a peak brightness greater than ten times the off-source noise. It must be separated from nearby peaks by a minimum falling to two-thirds or less of the brightness of the fainter peak. Where more than one such feature is observed, the most compact component is the primary hotspot while the remaining components are secondary hotspots.
Measurements of the hotspots were taken from the highest resolution multi-array map available for each source. The AIPS task JMFIT was used to give an integrated flux value as well as the major and minor axes, Θ maj and Θ min , the half-widths of the fitted Gaussian. The angular hotspot size, Θ h , was then defined as the arithmetic mean of Θ maj and Θ min . The average angular hotspot size, Θ h av , is defined as the arithmetic mean of the sizes of the primary hotspots in both lobes.
Fitting was carried out several times for each feature with varying starting parameters and similar results were generally obtained. However, for some of the most highly resolved features at lower redshift this was not the case and an alternative to JMFIT was used. If the feature was too resolved, or convergence could not be achieved in flux within a factor of 1.5 either way, a manual measurement was made. Fluxes were estimated by integration from the maps with TVSTAT; background emission was taken into account by integrating over a surrounding region, normalising the flux to an area equivalent to that of the hotspot and subtracting. In order to make size measurements, the FWHM was estimated from slices taken through the feature. Errors have not been quoted for hotspot flux density or size since the parameters are subjective: the dominant error will derive from the ambiguity in determining the hotspot region.
The linear hotspot size, h, is obtained from Θ h and the fractional hotspot size, f h , is the ratio of h to LLS l .
Hotspot recession
Three recession parameters are defined, η, ζ and ∆. η is the lobe hotspot recession: the ratio of c − hs to LLS l for each lobe. ζ is the source hotspot recession: the ratio of the sum of c − hs for the two lobes to the total source size, LLS s . ∆ quantifies the recession asymmetry in a single source and is defined as the ratio of the smaller to the larger value of η.
Observing frequency and prominence
The total source flux observed at 178 MHz is K-corrected using the corresponding low frequency spectral index (both parameters are taken from LRL), giving S total at 178 MHz. S total is used to obtain the source luminosity, P 178 , using the relation
(where R is the proper distance). The source luminosity is determined from the low-frequency source flux as this ought to be dominated by the steep-spectrum, unbeamed emission associated with the lobes, so that little contribution should be made by any relativistic beaming.
All the flux densities of compact features of the sources discussed above are extrapolated from the observed flux density to a common frequency of 8.4 GHz
and then K-corrected to an emitted frequency
where ν obs is the observing frequency in GHz and α the spectral index, assumed to be 0 for core features and 0.5 for jet and hotspot features. These flux densities are converted to luminosities using equation (2). The source luminosity is used as a normalization factor for these core, hotspot and jet luminosities to define prominence parameters. The core, hotspot and straight jet prominence (p c , p h , p j ) are respectively the ratio of the core, hotspot and straight jet luminosity to P 178 . (Note that this normalization factor is different from that used by H98, so that our prominences are different from theirs.)
A glossary of all parameters that have been defined in this section (along with others that will be defined subsequently) is given in Table 2 .
Effective observing resolution
The sample extends to a redshift of 1. While the aim of the observing program was to obtain data of a consistent quality across the sample, there are inevitably instrumentational limits in achieving this. At increasing redshift the angular resolution relative to the source size must decrease for a fixed beam width, so that more distant sources are observed at increasing linear scales for a given source size. One key parameter here is the number of restoring beams across the source, which we refer to throughout the paper as the effective observing resolution. The high-resolution effective observing resolution is defined as the ratio of the restoring beam size of the highest-resolution map for each source to LLS s ; the lowresolution effective observing resolution is defined similarly but using the restoring beam size from the lowest-resolution map.
In Fig. 2 the linear source size, LLS s , is plotted against the high-resolution effective observing resolution for the sample, to highlight the range in this quantity that corresponds to the sample's high-resolution maps, since this is the more important quantity as regards source properties. It can be seen that there is a range of effective observing resolutions associated with the sources; this may have consequences, in particular, for the consideration of jet and hotspot properties. In the following sections, in which we discuss the lobe, core, jet and hotspot properties, we consider the limitations imposed by our observing strategy as well as trends with power, redshift and size. The largest linear source size, LLS s , plotted against the highresolution effective observing resolution. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version).
LOBES
Lobe size
Observational effects
Observational effects in lobe properties may be introduced by using the 3σ contour as the criterion for defining Θ LAS l and Θ l and this is addressed by the application of a correction factor, as described in section 2.2.1.
Trends with P 178 and z
There is no straightforward physical correlation to be expected between the beam kinetic power, the lobe size and P 178 , although sources are believed to decrease in luminosity as they expand and age (Fanti et al., 1995; Kaiser, DennettThorpe & Alexander, 1997; Blundell, Rawlings & Willott, 1999) . The higher-luminosity sources may be observed at an earlier stage in their lifecycle as sources fall below the sample flux limit as they move through the luminosity-source linear size (P − D) diagram; statistically, therefore, they may be expected to be smaller. In a flux-limited sample there is a P − z degeneracy, so any tendency for LLS s to decrease with increasing P 178 may also be seen as a trend in redshift.
In Fig. 3 it can be seen that LLS s tends to be smaller for the higher luminosity sources; a similar but weaker effect is shown in the plot of LLS s against redshift in Fig. 4 . Spearman rank correlation tests give r s = −0.31 and −0.29 respectively for these two trends, implying a correlation significant at better than the 99 per cent confidence level. However, comparing subsamples of sources defined with a 178-MHz luminosity cutoff, P c = 5 × 10 26 W Hz −1 sr −1 , inclusive of all spectral classes, a W-M-W test does not show a significant difference in size between the high and low luminosity populations; we can conclude that any trends with source size found in other parameters for the sample should not then be systematically biased across the power or redshift range.
The value of 178-MHz luminosity, P c , chosen above gives the minimum overlap between the quasar and BLRG populations: these can be seen from Figs 3 and 4 to occupy different ranges of luminosity and redshift, with the higher-luminosity quasar population found at higher redshift. Throughout the paper we therefore make comparisons between the NLRG and the BLRG, Q and LERG classes by dividing the NLRG data into low-and highluminosity samples at P c . This gives a low-luminosity and highluminosity NLRG subsample of 19 and 38 sources respectively: the low-luminosity sample is very similar in luminosity to (and contains many of the same sources as) the z < 0.3 3CRR/3CR sample used by H98.
Unification
Considering only those classes included in the standard FRII unification scheme (BLRGs, NLRGs and Qs) the BLRGs constitute 31 ± 11 per cent of the sample at low luminosity and the Qs 26 ± 7 per cent of the sample at high luminosity (assuming errors of √ N), so the proportions are not significantly different for the two subsamples. This lends support to a model in which the BLRGs and Qs are equivalent populations and also implies no significant variation in the opening angle of the torus.
The opening angle of the torus can be estimated from the number counts of the Qs, BLRGs and NLRGs, assuming that the source axis must be viewed at an angle less than the torus angle for the broad line emission to be detected. For the simple unification model, this gives θ c as a parameter that divides the classes, with θ ≤ θ c for the Qs and BLRGs and θ > θ c for the NLRGs, where θ is the angle the source axis makes with the observer's line-of-sight. The expected fraction of broad emission line objects detected is P(≤ θ c ) = 1 − cos θ c . This implies that for the lower luminosity bin θ c ∼ 51 • , while for the higher luminosity bin θ c ∼ 45 • , consistent with the findings of Barthel (1989) . An average value θ c = 48 • will be used hereafter.
According to the unification scheme, the Q and BLRG sources should be orientated closer to the observer's line-of-sight than the NLRG sources. Evidence consistent with this hypothesis would be a difference in the size distributions of the spectral classes of the Qs, BLRGs and NLRGs consistent with projection effects. The LERGs are believed to be randomly orientated with respect to the observer.
The relation between the true physical size, LLS ′ s , and observed source lengths, LLS s , is given by
(the relation is not exact as the sum of the two lobes does not necessarily give a common axis). The ratio of the expected median size for the broad and narrow line sources can be predicted from the ratio of the median θ,
where < X > denotes the median value of parameter X and < θ > is evaluated by integrating over the appropriate θ range. Using θ c = 48 • , < θ Q,B >= 33 • and < θ N >= 70 • , a predicted value of < LLS s,Q,B > / < LLS s,N >= 0.57 is obtained. The < LLS s > values for the Qs, BLRGs and NLRGs are given in Table 3 ; the data for the LERGs are included for comparison. The ratios of Q and BLRG median values to those of the NLRGs in the respective luminosity bins is 0.73 and 0.70; if we take all the objects together without binning by luminosity the ratio is 0.70. A W-M-W test does not show that this is statistically significant. According to the model, LERG sources are randomly orientated so there is no predicted difference between them and the low luminosity NLRG and BLRG population, that is, < LLS s,B,N > / < LLS s,E >= 1 assuming that they have the same physical size distribution. A ratio of 0.93 is found in the data, but a W-M-W test does not suggest that the LERGs are significantly smaller. (This is in contrast to the finding in H98 that LERGs were significantly smaller than the BLRGs and NLRGs in the low redshift sample they studied. That sample included those sources of this paper's sample with z < 0.3 along with a number of others. The difference may well arise from the definition of source size used; H98 used the largest linear source size as obtained from the largest angular source size, whereas here LLS s is used, the sum of the largest linear lobe size for both lobes. For a good proportion of the sources in this sample with z < 0.3 the largest angular source size is greater than LLS s . In addition, the sample of H98 excluded a number of giant sources that we include here.) Whilst these results are in the sense expected in the unification scheme, the effect is weaker than expected and no statistically significant difference in source size between the Qs, BLRGs and NLRGs is found. 
Lobe axial ratio
Observational effects
Both Θ w and Θ LAS l are taken from the lowest resolution map available with the lobe edge determined by the 3σ contour. However, as discussed in section 3.1.1, this will be affected by observing resolution and sensitivity. In the case of Θ LAS l a correction factor was applied in an attempt to compensate for any systematic bias introduced by observing resolution effects. Whilst this factor is necessarily only an order-of-magnitude correction, we felt that, as in almost all sources the lobe extremity is associated with a bright emission peak, the effect of beam-width smearing on the source structure is large enough that the application of the correction factor as defined is useful.
In the case of Θ w , however, the emission at the lobe edges is usually at a low level and the validity of such a correction is less clear. For example, orientation effects could affect the observed lobe width, with those sources observed with their axes closer to our line-of-sight having more extensive lobes if source viewing an- gle allows a greater depth of emission to be detected near the lobe edges. This effect, if it is significant, cannot be compensated for by the correction factor in the way that we have defined it for the lobe lengths. Accordingly, we have chosen not to apply any correction factor to Θ w .
In Fig. 5 we plot the angular lobe width against the resolutioncorrected angular largest lobe size, binned by low-resolution effective observing resolution. There is a tendency for those sources observed at relatively low resolution, that is with ≤ 40 restoring beams across the source, to have wider lobes. Dividing the lobe width data points into two subsamples based on observing resolution, using a cutoff of 40 low-resolution restoring beams across the source, a W-M-W test suggests this is significant above the 99.9 per cent confidence level. Furthermore, when we consider the R ax values themselves and divide them into two samples in the same way, a W-M-W test shows that R ax is significantly higher in sources observed at high resolution compared to those observed with an effective observing resolution of 40 or less, at above the 99.9 per cent confidence level. The R ax data, therefore, seem to be affected by observing resolution.
Trends with P 178 , z and size
A greater proportion of sources observed at low resolution are found at high redshift, so that the high redshift sample may have a systematic bias toward lower R ax values. Another effect to consider is the known correlation between spectral index and radio power or redshift; the hotspots and lobes in higher-redshift higherpower sources have steeper spectra, particularly at high frequencies (e.g., Laing & Peacock 1980; Blundell, Rawlings & Willott 1999) . This correlation would mean that for high-redshift sources the low brightness lobe emission is harder to detect, resulting in smaller w values (and hence higher corresponding R ax ) for luminous sources. Dividing the R ax distribution by P 178 (using P c ) and z (using a cutoff of 0.5), a K-S test showed no significant differences in the distribution of R ax across the power and redshift range. In Figs 6 and 7 we plot R ax (for each lobe) against redshift and source luminosity respectively.
The plot of R ax against LLS l in Fig. 8 shows that there is a trend with source size. The distribution appears to change at LLS l ∼ 100 kpc, with a much larger range in R ax found above this size. A W-M-W test shows that R ax is significantly smaller in lobes with LLS l < 100 kpc at above the 99.9 per cent confidence level, for sources of all spectral classes.
In a self-similar expansion model in which all sources in a sample are subject to self-similar growth throughout their lifetime, R ax should be independent of the lobe size. This is clearly not borne out by the data. In fact it is possible that a source only grows selfsimilarly in its early phases, on scale sizes of the order of that of the associated galaxy or its hot-gas halo (e.g. Hardcastle & Worrall 2000) ; the data here lend support to this picture.
Unification
The observed R ax should be lower than the true physical value due to the projection of the source length in the plane of the sky, while the width should be less affected, notwithstanding any orientation effects on lobe detectability as discussed in section 3.2.1. Assuming w is unaffected by orientation, the effect of projection on R ax is the same form as that for LLS s (equation 5), that is
where the prime indicates the true physical value of the parameters and θ is the angle subtended by the LLS s axis with the observer's line-of-sight. The median R ax , < R ax >, is given for the different spectral classes in Table 4 . Unification predicts the same ratio (∼ 0.6) between the broad and narrow line spectral classes as for < LLS s > (given the model in equation (7) and ignoring scatter introduced by deviation of the lobes from the common axis). For the sample data,
The difference in R ax between the Qs and high luminosity NLRGs is statistically significant (at the 99.6 per cent confidence level with a W-M-W test) whilst that between the BLRGs and low luminosity NLRGs is not, though the difference between the low-power spectral classes is in the sense expected for unification. So are there intrinsic differences between the Qs and high power NLRGs that have no correspondence in the low luminosity sources? This may not be the case if some effect leads to an observational bias that masks significant differences in R ax between the BLRGs and lowpower NLRGs -for example, if lobes were more difficult to detect in these low-power sources compared with high-power ones. However, despite the evidence that observing resolution does affect R ax (section 3.2.1), we concluded in section 3.2.2 that there was no evidence that this results in a systematic bias in lobe detectability across the power range.
While the tendency for Qs to have lower R ax than high-power NLRGs is consistent with projection effects, the orientation arguments predict that this should be the case as a result of their lower values of LLS l . In fact we found no significant difference in lobe length between the Qs and high luminosity NLRGs, which might suggest that the Qs are associated with lower R ax because they have intrinsically broader lobes. A W-M-W test does not confirm that this is the case, however.
In Fig. 9 we plot w against LLS l for the different spectral classes. From this plot it would appear that there is a tendency for the points corresponding to the broad line objects to lie to the left of those of the narrow line objects -in other words, there is a tendency for Qs and BLRGs to have smaller LLS l with respect to NLRGs of a similar w. This would suggest that differences are consistent with projection effects, although the LLS l values in Qs and BLRGs are not significantly lower than those in NLRGs. Our interpretation is therefore that the statistically lower R ax found in Qs is consistent with projection effects; the lack of a corresponding trend for BLRGs is not accounted for, though it is not strong evidence against unification in the lower-power subsample. Fig. 10 shows that a number of the low-power sources with low effective observing resolution correspond to either particularly small or particularly large sources and it is possible that the effects of observing resolution are more important for the BLRGs, though this is not clearly so.
As for the lobe size, we would predict no significant difference in R ax between the LERGs and low luminosity NLRGs and BLRGs, if LERGs have the same intrinsic R ax distribution. A K-S test finds no significant difference between the R ax distributions of the LERG and combined BLRG and low power NLRG populations.
Lobe size asymmetry
Trends with P 178 , z and size
The resolution correction factor applied to the LLS l data, as discussed in section 3.1.1, should compensate for systematic bias in lobe size asymmetry that might be introduced by observing resolution. The fractional separation difference defined in terms of the longer lobe, x lobe , is plotted as a function of redshift, luminosity and source size in Figs 11, 12 and 13 respectively. There is no trend in x lobe with redshift but there is a tendency for the high luminosity and smaller sources to have greater asymmetries.
A trend in x lobe with redshift might have suggested environmental differences at different epochs; a tendency for greater asymmetries in higher power/smaller sources only could be consistent with asymmetries being imposed by environmental differences early in the source's development, if these sources are expected to be generally younger. That is, if relative environmental differences are not so great further out from the central engine the source's perceived asymmetry may be dominated by effects introduced while the source is still small; in this case the fractional asymmetry may decrease as the source expands, as any asymmetry represents a decreasing fraction of the source size.
Broad-band studies of radio galaxies have demonstrated that in many cases the the detected optical and/or infrared continuum emission from the host galaxy is aligned with the radio axis (Chambers, Miley & van Breugel, 1987; McCarthy et al., 1987) , a phenomenon known as the 'alignment effect'. This effect has been shown to be strong in sources at redshifts 0.6, but less so for lower redshift samples. The main processes implicated in the creation of the alignment effect are photoionization from the central AGN and shock ionization from the passage of the jet or lobes. Spectroscopic studies have suggested that the photoionization mechanism dominates in more evolved, larger sources but in smaller sources (especially those for which the radio size of the sources is comparable to the emission line region) the shock mechanism becomes important. This implies that source age is a key factor when considering the extent to which the radio source will affect its environment, with younger, less-evolved sources expanding out through the host galaxy and gas environment and directly affecting their kinematics (e.g., Inskip et al. 2002; Privon et al. 2008) . But the study of Inskip et al., which was made using multiple flux-limited samples in order to break the redshift-luminosity degeneracy, has suggested that the alignment depends on redshift as well as power, implying that environmental differences at different epochs do contribute to the overall picture.
The present sample cannot directly inform these latter results, as the redshift-luminosity degeneracy is not broken here. In fact, the tendency for asymmetry to be greater for higher power, smaller sources in this sample is not a result that contradicts or confirms any study of the alignment effect; binning the entire sample data by luminosity (using P c ) and source size (taking a cutoff of 200 kpc, corresponding to 100 kpc in lobe size, a somewhat arbitrary choice based on the result of a trend in R ax with lobe size discussed in section 3.2.2), K-S tests indicate that the differences in the distributions of x lobe across both the luminosity and size ranges are not significant.
Unification and beaming
The median x lobe for the different spectral classes, < x lobe >, are given in Table 5 . It can be seen that the Qs are more asymmetric than the high luminosity NLRGs; a W-M-W test shows that the difference is significant at the 99.7 per cent confidence level. The < x lobe > of the BLRGs and the low luminosity NLRGs are not significantly different statistically and a K-S test does not show any difference in the distribution of the combined population of BLRGs and low-power NLRGs with respect to that of the LERGs. These findings are generally consistent with those of H98 (with respect to the low luminosity sources) and Best et al. (1995;  with respect to the high luminosity subsample), though both these studies defined x lobe using c − hs.
In the case of the former result, Best et al. suggested that rela-tivistic effects might contribute to the greater asymmetry of Qs relative to the corresponding NLRGs. If this were the case, we would expect that the jet side would correlate with the longer lobe side. The fractional separation difference defined by jet side, x jet , uses the value of LLS l on the straight jet side as D 1 and LLS l on the counterjet side as D 2 . AL00 have studied the observed distribution of x jet for a sample of 3CR FRII sources that includes the sources in this sample in addition to a number of objects at z > 1. They introduce an asymmetry parameter, ε, which is used to quantify the degree to which relativistic effects contribute to the observed distribution of x jet as opposed to intrinsic and/or environmental effects. The asymmetry parameter is defined as
where N(−FRII) and N(+FRII) are the numbers of sources with positive and negative x jet values. AL00 argued that an even distribution of positive and negative x jet about zero, giving ε = −1, implies that relativistic effects are not a significant factor in the distribution.
Where around 2/3 of the sample objects have positive x jet values, ε ∼ 0, which implies that relativistic effects are as significant as intrinsic/environmental ones. As relativistic effects become more important ε would become increasingly positive. For their sample AL00 found an asymmetry parameter of −0.07 ± 0.22, for all the sources. For the radio galaxies the result was −0.3 ± 0.32 and for quasars, 0.33 ± 0.36. They concluded that the effects of relativistic motion on the observed lobe size asymmetry distribution were not negligible and that they were more important to the observed quasar asymmetries than to the radio galaxies, consistent with unification models.
Here the sample is essentially the same as that of AL00 except for the exclusion of those objects at z > 1. The data have been reconsidered, however, using only the jet-side information obtainable from the sample maps. Where a definite or possible straight jet is detected, this is taken as the jet side and no other information such as the depolarization asymmetry associated with the source is used. When determining x jet in this way, it must be borne in mind that the exclusion of those sources with no jet detections may bias the data.
x jet is plotted against P 178 in Fig. 14. Considering all sample sources with at least one definite or possible straight jet, regardless of spectral class, the jet-side lobe is the longer lobe in 49 per cent of the sources (using LLS l ). BLRGs show the strongest apparent correlation of jet side and the longer lobe with 7 out of 8 sources having positive x jet values; a marginally significant tendency at the 96.5 per cent confidence level. Qs, NLRGs and LERGs do not have any significant tendency for positive x jet values. The distribution corresponds to an asymmetry parameter of ε = −1.06 for the combined Qs, BLRGs and NLRGs sample, ε = 0.08 for the combined quasar and BLRG population and ε = −1.86 for the NLRGs, suggesting that relativistic effects make a greater contribution to the observed asymmetry for Qs and BLRGs than for NLRGs, which is in line with the prediction of unification. This is consistent with the results of AL00, although the evidence for relativistic effects making a significant contribution to the x jet distribution overall is weaker for this sample.
In Fig. 15 , x jet is plotted against LLS s . There is an apparent difference in the x jet distribution for smaller sources, (LLS s 200 kpc), with fewer negative values: x jet is positive in 57 per cent of sources with LLS s ≤ 200 kpc; a binomial test shows the tendency for x jet to be positive in the smaller sources is only weakly significant (although it can be noted that only one broad-line source has a negative value). A K-S test shows no significant difference between the large and small source x jet distribution. 
CORES AND JETS
Observing effects
The effects of varying observing resolution should introduce little bias into the core measurements as they are bright features that are typically unresolved. For the jets, however, observing resolution will have an effect on detectability, which we now consider for the case of the total jet features. 30 per cent of sources in the sample have a definite jet, and a further 34 per cent have a possible jet; a summary of straight jet detections for the entire sample is given in Table 6 , with the detection rate broken down by spectral class in Table 7 . The total jet classifications are the same as for the straight jets but for the following three exceptions: the definite total jet is in the northern lobe in source 3C171 with a definite total counterjet detected in the southern lobe, a possible total counterjet is detected in the southern lobe of 3C20 and a definite total counterjet is detected in the southern lobe of 3C438.
The appearance of the jet features varies from source to source, and many of the detected jets do not cover the entire length from the core to the hotspot feature. Observing resolution and sensitivity should be an important factor in jet detectability; however, the nature of any dependence on observational constraints is difficult to evaluate. The variation of observing resolution across the sample is potentially a source of observational bias, more so as this is accompanied by a variation in observing sensitivity.
To investigate the effect on total jet detectability, in Fig. 16 we plot the dynamic range (defined as the ratio of the maximum intensity to the off-source root mean square noise) against the effective observing resolution corresponding to the highest-resolution map for all the sample sources, binning by jet status. Sources lacking total jet features entirely are observed across the resolution and sensitivity range; thus there is no simple trend for those sources observed with relatively high resolution and high dynamic range to be associated with jet features. Fig. 17 plots the fractional observed lobe length, f l , against dynamic range, with data binned by total jet detection status. It might be expected that if the detected lobe emission in a source is more extensive (with f l values closer to 1), it would be more difficult to detect a jet feature, but this does not seem to be the case. Definite and possible jet features are detected across the range in f l . An additional aspect of jet detectability that can be considered is the jet location within the lobe. As mentioned previously, while in some sources a bright jet is observed to extend from the core to the lobe extremity, in many sources the jet is detected along a fraction of this length only. In Fig. 18 , a histogram shows the distribution of the fractional jet position, f j p , for the definite and possible jets; 69 per cent of these of objects have a jet that is traced from near the core, having f j p < 0.1. In order to examine the possibility that the jets are systematically becoming obscured as they progress through the lobe, the jet termination, f j t , is considered alongside f j p . f j p and f j t are plotted against the fractional lobe length, f l , in Fig. 19 . The dashed line represents f j t , corresponding to a given f l , that would be obtained if the observed total jet terminated on reaching the inner edge of the lobe. As there is no tendency for the f j t data to crowd toward this line, jets are generally observed to extend into the lobe.
If the emitting material in the beam decelerated as it progresses from the core, and if the jet were detected more easily as this happens, then it might be expected that once the jet becomes detectable it could be traced to the hotspot region or the lobe extremity. This would be consistent with an anticorrelation between jet length and jet position. In Fig. 20 f j l is plotted against f j p and the dashed line shows the jet length corresponding to a given jet position that would indicate that the jet is observed continously from its base to the lobe extremity. As there is no crowding toward this line, there is no strong tendency for this to be the case.
We conclude that, although the observing resolution should affect jet detectability, there is no obvious systematic bias in the sample that can be simply compensated for. The jet is not obviously less easily detected in sources with extensive lobes and the lack of jet detection does not appear to be a result of high lobe detectability. Figure 16 . The dynamic range plotted against the high-resolution effective observing resolution, binned by total jet status. Filled circles: at least one definite jet detected, open circles: no definite jet detected but at least one possible jet, diagonal cross: no jet feature detected. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). The dotted line shows a high-resolution effective observing resolution of 40. Figure 17 . The fractional observed lobe length, f l , plotted against the dynamic range, binned by total jet status. Filled circles: at least one definite jet detected, open circles: no definite jet detected but at least one possible jet, diagonal cross: no jet feature detected. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version).
Trends with P 178 , z and size
Cores
The core prominence distribution is plotted as a function of redshift in Fig. 21 and as a function of luminosity in Fig. 22 . Any trend with redshift is weak but there is a tendency for the core prominence to decrease with increasing source luminosity and there is a lack of low-luminosity sources with faint cores. A Peto-Prentice test in which the sample objects (inclusive of all spectral classes) are divided by source luminosity at P c shows that the trend for lower core prominence in higher-power sources is significant at the 99.5 per cent confidence level.
From Fig. 23 it can be seen that there is a tendency for smaller sources in general to be associated with lower core prominence. Binning the sample data by size, including all classes, a PetoPrentice test between sources above and below LLS s = 200 kpc shows no significant difference. (The 200-kpc size criterion was chosen as evidence was found for morphological differences in lobe sizes above and below ∼ 100 kpc; see Section 3.2.2.) However, if the sources are divided by spectral class, there is a significant tendency (at the 96.5 per cent confidence level) on a Peto-Prentice test for the smaller NLRGs to have lower core prominences: this was also noted by H98. It is not clear whether this is simply a result of the core-prominence/luminosity inverse correlation noted above in combination with the known luminosity/size inverse correlation, or whether (as suggested by H98) it is a genuine physical effect that is masked in other spectral types by beaming effects.
Jets
In Figs 24 and 25 the straight jet prominence is plotted against redshift and luminosity; there is no trend in the distribution with either parameter. A slightly broader range is found at z 0.3; there is a marginally significant (93.7 per cent confidence level) difference between these low redshift sources and those with z > 0.3 on a K-S test. However, taking into account the upper limits in the data, a Peto-Prentice test does not suggest any significant difference in the distribution of p j between the high and low luminosity sources, nor is any trend found with respect to redshift or source size. The many limits in the p j data (around one third of the sample sources) may mask any trend.
Unification and beaming
Cores
The median core prominences for the different spectral classes are given in Table 8 . The core prominence distribution of the Qs and BLRGs was compared with that of the NLRGs using a PetoPrentice test. The difference in the distributions of Qs and highluminosity NLRGs is significant above the 99.9 per cent confidence level, whilst that between the BLRGs and low power NLRGs is significant at the 97.4 per cent level. We find no significant difference between the p c distributions of the LERGs and the BLRGs and low power NLRGs on a Peto-Prentice test. In section 4.2.1 it was shown that there is evidence that the higher-power sources are associated with lower core prominence. Considering the spectral classes separately, Peto-Prentice tests show that the high-power BLRGs and NLRGs are significantly lower than the corresponding low-power BLRGs and NLRGs (note that there are only 2 sources in the high-power BLRG subsample), but there is no significant trend in the Qs or LERGs. The core prominence data are consistent with the idea that higher luminosity sources have higher Lorentz factors. The beaming factor is ∝ γ(1 − β cos θ) −2 (Scheuer & Readhead 1979 , assuming the spectral index for the core features to be 0), and the range in this factor increases with γ. For a given γ, above a certain threshold angle of orientation with respect to the observer's line-of-sight, θ t , the emission will be Doppler suppressed and the observed core prominence will be lower than the intrinsic value. As γ increases, θ t decreases and the suppression of parsec scale jet emission at large θ becomes strong. In Qs, VLBI observations have reported γ ∼ 5-10 for some sources (e.g., Zensus 1997; Hough et al. 2002) .
This would result in Doppler-boosted cores in broad-line objects and Doppler-suppressed cores for the equivalent NLRGs, assuming θ c ≈ 40 − 50 • . If sources of lower luminosity were associated with lower γ, the core prominence of BLRG sources would not be as strongly boosted as the Qs (though there is no significant difference between the core prominence of Qs and BLRGs) and also the Doppler suppression of the NLRG cores would be less strong. This latter point could lead to generally lower core prominence being found in higher-luminosity NLRGs.
Jets
The one-sidedness of FRII jets is difficult to account for without beaming. There are very few counterjets detected in the sample but the general symmetry of the extended structure requires there to be bi-polar beams emanating from the central engine. The fact that so few counterjets are detected at all suggests that kiloparsec scale jet emission is beamed. The straight jet detection statistics indicate a difference with spectral class that is consistent with beaming models (see Table  7 , previously discussed in section 4.1). The Qs and BLRG sources have a similarly high jet-feature detection rate (∼ 73 per cent), with definite jets detected in ∼ 53 per cent of the sources. (The Q sources with no jet detected are observed at relatively low resolution, 40 beams across the source in the high-resolution map; this is not true for the BLRGs). For the NLRG class, jet features are found in 60 per cent of sources, with only 28 per cent of NLRGs having a definite jet detected. The upper limits of the NLRG and LERG sources are distributed across the range in observing resolution.
The median straight jet prominence for detected jets only for each of the spectral classes is shown in Table 10 . When we compare the straight jet prominences of the broad-line objects (Q and BLRG) to the NLRG with a Peto-Prentice test, taking upper limits into account, we find a difference that is significant at the 99.6 per cent confidence limit in the sense that the median prominence of the broad-line objects is significantly higher. This confirms the earlier result of H98. The difference in jet prominence is still significant if the sample is divided into low-luminosity and high-luminosity sub-samples, at the 98.7 per cent and 94.4 per cent confidence levels respectively -the marginal significance in the high-luminosity bin presumably arises from the large fraction of upper limits in the NLRG in this sample. There is no significant difference between the LERG and other (NLRG/BLRG/Q) straight jet prominence dis- The fractional jet position, f jp , and fractional jet termination, f jt , plotted against the fractional observed lobe length, f l , of the corresponding lobe. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). The dotted line is the line of f jt = 1 − f l . Figure 20 . The fractional jet length, f j l , plotted against the fractional jet position, f jp , of the corresponding lobe. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). The dotted line is the line of f j l = 1 − f jp . tributions. These differences in prominence are consistent with the expectations from unified models and beaming.
In addition, the Laing-Garrington effect (as discussed in section 1), in which the jet occurs in the lobe that shows less depolarization, can be considered. Depolarization data were available in the literature (Table 9) for 60 of the sample sources, 41 of which have detected jets (possible and definite). Of these 41 sources, 30 have the jet on the less depolarized side (73 per cent). On a bino- Wright (1979) , (2): Goodlet et al. (2004) , (3) : Fernini et al. (1993) , (4): Dennett-Thorpe, Barthel & van Bemmel (2000) , (5) : Johnson, Leahy & Garrington (1995) , (6) : Garrington, Conway & Leahy (1991) , (7): Fernini et al. (1991) , (8): Akujor & Garrington (1995) , (9): Conway et al. (1983) , (10): , (11) mial test this is a significant trend at the 99.8 per cent confidence limit. The effect would be expected to be stronger for broad line sources and there were depolarization data available for 16 of the 26 Qs and BLRGs: 75 per cent of these showed correlation between the jet-side lobe and the less depolarized lobe (marginally significant at the 96 per cent level on a binomial test). Given that other properties of the sources and their environments are known to affect source depolarization, and that our data are necessarily heterogeneous, these results also seem to be in good agreement with the expectation from beaming models.
Correlation between core and straight jet prominence
Considering all the data, including upper limits, the correlation between jet prominence and core prominence is significant, at the 99.9 per cent confidence level, on a modified Kendall's τ test as implemented in ASURV. This result is consistent with the correlation found by H98 in a sample with substantially fewer upper limits.
In Figs 26 and 27 we plot the core prominence data against source luminosity for both the entire sample and the NLRG class respectively, binning the data according to the straight jet detection status indicated as before. For the sample as a whole (Fig. 26) those sources with at least one jet detection have higher core prominence. As Qs and BLRGs are generally observed to have brighter jets this is to be expected and is further illustrated in Fig. 28 . However, even when considering the NLRG population separately (Fig.  27 ) it is clear that the NLRGs with definite jet detections are also associated with relatively higher core prominence. A Peto-Prentice test applied to the core prominence data between all sources with at least one definite or possible straight jet and those with no detection indicates the jetted sources have higher core prominence, significant at the 99.9 per cent confidence level. 
HOTSPOTS
Hotspot prominence and size
Observing effects
A summary of hotspot detections in the sample (as defined by the hotspot criteria in section 2.2.6) is given in Table 6 . From this table it can be seen that 58 per cent of sources have one hotspot per lobe and 34 per cent have at least one lobe with more than one hotspot feature. Only 9 sources have one lobe that lacks a hotspot, and only 1 source of the 98 lacks hotspots entirely. Observations of sources with a single bright, compact hotspot had led to the suggestion that hotspots corresponded to enhanced emission associated with the beam termination shock, but as multiple features are often detected at high resolution, this interpretation is too simplistic. However, it is still thought that the hotspots correspond to shocks at or near the Figure 26 . The core prominence, p c , for the entire sample plotted against the source luminosity at 178 MHz, P 178 , binned by straight jet detection status. Filled circles: at least one definite jet detected, open circles: no definite jet detected but at least one possible jet, diagonal cross: no jet feature detected. Vertical bars indicate errors, arrows indicate upper limits. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version).
Figure 27. The core prominence, p c , for the NLRGs plotted against the source luminosity at 178 MHz, P 178 , binned by straight jet detection status. Filled circles: at least one definite jet detected, open circles: no definite jet detected but at least one possible jet, diagonal cross: no jet feature detected. Vertical bars indicate errors, arrows indicate upper limits. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version).
Figure 28. Jet prominence of definite and possible straight jets, p j , plotted against core prominence, p c , for all spectral classes. Vertical bars indicate errors, arrows indicate upper limits. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and beam termination, although the exact relation between the observed emission and the physical structure is not understood. From the sample sources mapped at more than one resolution, it can be seen that hotspot features generally appear more diffuse at the lower resolution, with a larger size fitted by JMFIT. This effect of observing resolution on apparent hotspot size can be quantitatively considered by making use of the fractional hotspot size, f h , defined in section 2.2.6. In Fig. 29 we plot f h against the effective observing resolution for all sources in the sample; from this figure it can be seen that relatively smaller hotspots are indeed associated with sources observed at relatively higher resolution.
The larger the region that is identified as the hotspot (that is, the higher f h is) the greater the hotspot prominence may potentially be, as more flux is included in the hotspot flux measurement. If low observing resolution results in larger hotspots, this may cause a bias for more prominent hotspots, if more lobe emission is included in the hotspot measurement. Fig. 30 plots hotspot prominence against f h , and it can be seen that sources with larger f h correspond with higher prominence; very approximately p h ∝ f 2 h , though for f h < 0.1 there is little correlation between the two quantities.
We conclude that hotspot properties are strongly affected by observing resolution and that this is difficult to compensate for. This should be borne in mind when considering the following results.
Trends with P 178 , z and size
No apparent trends in the sample can be seen in the plots of hotspot prominence, binned by high-resolution effective observing resolution, against z, P 178 and LLS s in Figs 31 to 33 respectively. Various authors, including H98 and Kharb et al. (2008) , have found a significant correlation between lobe linear size and hotspot size, which is also apparent in our data (Fig. 34) . The correlation seen here as determined by Kendall's τ coefficient is significant above the 99.9 per cent confidence limit.
However, it can be noted that there are serious potential biases in the hotspot-size lobe-size correlation result, given that the observing resolution used is also strongly correlated with source angular size. One way of circumventing this is to compare hotspot data from a single map. In Fig. 35 we plot the fractional sizes ( f h ) of the primary hotspot in each lobe against each other. If the two fractional hotspot sizes were uncorrelated, this would suggest that there is no tendency for the hotspots to 'know about' the linear size of the source, while a strong correlation would be consistent with the notion that the hotspot size is proportional to lobe size and support the hypothesis of self-similarity in the lobe. We find that the Kendall's τ test shows a correlation significant above the 99.9 per cent confidence level. Thus there is some support in the data for a real physical correlation between hotspot and lobe size. We also note that the hotspot size-linear size correlation is still highly significant if we consider only the subsample of objects (approximately half of the total) that are observed with more than 100 restoring beams across the source. A correlation between hotspot and lobe size supports models of self-similarity in which the beam's working surface maintains pressure balance as it extends (Carvalho & O'Dea, 2002) .
In section 3.2.2 we suggested that there was some evidence that the R ax distribution is consistent with self-similar source expansion on smaller scales. Considering the sample by binning with respect to size, using a cutoff of LLS s = 200 kpc as before, there is a difference in the f h distributions of the small and large sources significant above the 99.9 per cent confidence level on a K-S test.
Binning using luminosity (with cutoff P c ) gives evidence of a difference in the high and low power sources also as a K-S test suggests that they are different at the 93 per cent confidence level. The difference appears to be in the sense that the more powerful/smaller sources have a broader distribution of hotspot fractional size. This may well simply be an observational effect: many of the sources with the largest fractional hotspot size are a) small, b) powerful and c) observed at low effective resolution. We cannot draw strong conclusions about self-similarity from these results.
Beaming and unification
If beaming affects the observed hotspot prominence then the brighter hotspot might be expected to be correlated with the straight jet side. The most compact feature may also show such a correlation, if the approaching and receding hotspot emission corresponds to a different physical region within the flow. Laing (1989) suggested such a model, whereby the approaching hotspot emission originated in a region of higher β flow, closer to the core of the beam. The model predicted that the most compact hotspot would be correlated with the jet side.
In our analysis we consider the ratio of f h in each lobe rather than the hotspot size alone and both this ratio and the corresponding flux ratio are defined by taking the ratio of the straight jet-side measurement to that of the counterjet. The hotspot size ratio will therefore be less than one if the most relatively compact hotspot is on the jet side and the hotspot flux ratio will be more than one if the more prominent hotspot is on the jet side. The hotspot flux and f h ratios as defined by jet side are plotted against source size in Fig. 36 and 37 . As not all sources have a straight jet detection this introduces a bias when we consider the data quantitatively and this should be borne in mind.
We find that there are no significant tendencies for brighter hotspots to be found on the jet side, for any spectral class. However, the f h data suggest that the more relatively compact hotspot is correlated with the jet side in quasars: 10/11 jetted Qs have the more compact hotspot on the jet side, a result significant at the 99.4 per cent level on a binomial test.
Hotspot recession
Observing resolution
The effect of observing resolution on the measured hotspot recession has been addressed by the application of a resolutioncorrection factor (G99) as discussed in section 2.2.1. This correction factor should ensure that the hotspot recession parameter η will be 1 for hotspots located at the lobe extremity.
Trends with P 178 , z and size
ζ, the source hotspot recession parameter (defined in section 2.2.7), is plotted against redshift, source luminosity and size in Figs 38 to 40 respectively. There is no significant tendency for higherluminosity sources to be more recessed, but a K-S test binning the sample using a divide of 200 kpc does indicate that smaller sources are more recessed with significance at the 99.7 per cent confidence level.
Unification
For sources not lying close to the plane of the sky geometric effects may cause a hotspot that is intrinsically positioned near the lobe edge to appear set back in the lobe. Thus orientation effects may contribute to the observed range in ζ. Gilbert (2001) considered hotspot recession for the sub-sample of sources with z ≤ 0.5. Sources were modelled as an expanding ellipse with a Gaussian emission density, which was rotated with respect to the observer's line-of-sight. Taking different expansion speeds (into the relativistic regime) and different orientations the model was compared to the data by predicting number counts for recessed sources. Gilbert concluded that effects other than simple geometric effects contributed to the observed recession distribution. Around 15 per cent of sources were expected to have ζ < 0.9 from the model when in fact 26 per cent of his sample were observed to have this degree of recession. Furthermore, only around 3 per cent of sources were predicted to show strong recession, with ζ < 0.8, whereas close to 13 per cent does. When we consider our current sample, 32 per cent of sources (including all spectral classes) have ζ < 0.9 while 10 per cent have ζ < 0.8. The conclusion that effects other than simple geometric effects from source orientation contribute to the observed hotspot recession is thus valid for our sample too.
A W-M-W test comparing the Qs and high-luminosity NLRGs shows that the difference in median ζ between the spectral classes is not significant, although a K-S test shows a difference in the distributions for the samples at the 94.5 per cent level, consistent with the observed broader spread of the Qs (Figs 38 to 40) but formally not significant. There are no significant differences between the low luminosity spectral classes and there is no significant tendency for the straight jet side to be any more or less recessed than that of the counterjet. Table 11 contains a summary of all statistical results from the preceding sections. The consequences of these for physical models of FRII sources are discussed in the following sections.
DISCUSSION
Summary of results
Jets and evidence for beaming on kiloparsec scales
On kiloparsec scales, jets have been detected in 30 per cent of sources, with a further 34 per cent having a feature that is classified as a possible jet. While observing resolution and sensitivity are clearly factors in jet detectability, we found that jets are more commonly detected in Qs and BLRGs, with more definite jets associated with these classes than for the NLRGs of any luminosity. This is consistent with the expectations from unification and beaming models. Statistical tests taking into account the large number of upper limits on jet prominence show that the broad-line and narrowline objects have jet prominences that differ in the sense expected from beaming if the broad-line objects make smaller angles to the line of sight.
Further evidence in support of beaming in the kpc-scale jets is the correlation between core and jet prominence; we showed that there are significantly more prominent cores in those sources with a detected kpc-scale jet feature, while core prominence and jet prominence are correlated in our data even in the presence of upper limits. Since we know beaming is important in the cores from VLBI observations of apparent superluminal motion (e.g., Zensus 1997; Hough et al. 2002) , these results require beaming to be important in the kiloparsec-scale jets as well. In addition, we found that the Laing-Garrington effect, in which the less depolarized lobe is correlated with the approaching (jet-side) lobe, is detected in the sample for all jetted sources for which depolarization data were available. This was the case for 41 sources, 30 of which had the jet side corresponding to the less depolarized lobe, significant on a binomial test at the 99.8 per cent confidence level.
Thus the data strongly support the idea that the jets remain relativistic on kpc scales. We will explore the implications of our measurements for bulk speeds in the jets and cores in a future paper.
Some evidence was found for beaming effects in the hotspot data, in that there was a tendency for the most compact hotspot to be on the same side as the jet feature in quasars (parametrizing hotspot compactness by the fractional hotspot size), consistent with the results of Bridle et al. (1994) . However, no corresponding correlation between the jet side and the brighter hotspot was found in any emission-line class, which is inconsistent with the results of Laing (1989) . The data thus provide only limited support to the idea that relativistic beaming plays an important role in the appearance of hotspots: most likely the varied appearance of these features is dominated by the local conditions, with beaming playing a secondary role. 
Source morphology
A significant trend in R ax with source size is found across the sample (Section 3.2.2). The observed range in R ax is much greater for sources larger than ≈ 200 kpc. While observational effects were found to be a source of bias in the R ax data, with lower R ax values in sources observed at lower resolution, we concluded that the trend with source size does not result from such a bias but represents a real physical trend. Early work on source expansion models assumed that the cocoon would remain overpressured as the source evolved, which would result in self-similar expansion (e.g., Begelman & Cioffi, 1989) , but subsequently it was demonstrated that this would only be the case for sources in an ambient medium with a decreasing density profile (e.g., Falle 1991; . However, numerical simulation has showed that the lateral expansion of the source will slow as the cocoon comes into pressure balance with the ambient medium and that this will occur in a typical source before it has grown to any considerable size (e.g., Carvalho & O'Dea 2002), a result consistent with the known X-ray properties of the environments of FRIIs (e.g. Hardcastle & Worrall 2000) . The R ax data are consistent with the idea that radio sources in general go through an early self-similar expansion phase where R ax is approximately constant on size scales of the order of the size of the host galaxy, after which lateral expansion slows and R ax will increase as the source continues to expand linearly.
We also found that Qs are significantly more asymmetric than NLRGs. The data suggest environmental factors are a predominant cause as there was no strong evidence for a contribution from relativistic effects, in contrast to the findings of AL00. However, stronger support for relativistic contributions to the BLRG x jet distribution despite the finding that the BLRGs are not significantly more asymmetric than the low-power NLRGs. The implications for unification are discussed below.
Unification
We begin by noting that the classification of the sources into the broad and narrow line types is dependent on high-quality spectra. For example, Laing et al. (1994) have shown that the classifications may change significantly with improved observations. The classifications that we use are the best possible with the available data, but incorrect identification of some sources may introduce a bias that is difficult to estimate.
The unification model for Qs, NLRGs and BLRGs makes a number of simple predictions. We expect Qs and BLRGs to be seen at smaller angles to the line of sight; this means that they should be more commonly associated with brighter, one-sided jets and brighter cores and should be statistically smaller, with lower R ax as a consequence. There is no expectation that lobe size asymmetries should be significantly different from class to class, unless source expansion speeds are relativistic in which case the Qs and BLRGs would be expected to appear more asymmetrical.
As discussed in Section 6.2, Qs and BLRGs do have higher detection rates for kpc-scale jets, consistent with the expectation from unification. On the other hand, there is no significant trend for either spectral class to have quantitatively brighter jets than those in the NLRG, but the effects of observing resolution and sensitivity are not negligible and are difficult to account for.
The core prominence is found to be statistically higher in Qs than in high power NLRGs (Section 4.3.1) though the results for the much smaller sample of BLRGs and low-power NLRGs were less clear-cut. In fact, we found that the core prominence in NLRGs decreased with increasing source luminosity, which explains the quantitative difference between the high-luminosity spectral classes and the lack of it between those at low luminosity. This trend in the NLRG core prominence data is not obviously predicted from unification. However, we argued in Section 4.3.1 that this is evidence that the higher-luminosity sources may have higher nuclear bulk Lorentz factors (γ), leading to greater Doppler suppression of core emission: if the parsec-scale bulk-flow speeds of the emitting material are greater in the higher luminosity sources, the cores of a greater proportion of the NLRGs could be Doppler suppressed, as the angle to the observer's line-of-sight needed to detect beamed emission would be smaller. This would represent a minor modification to the standard unification picture.
Considering source morphology, we found the Qs to have significantly lower R ax values than the NLRGs (Section 3.2.3). However, in unified models we expect this to be a result of projection effects giving systematically lower source linear sizes. We found no evidence that either Qs or BLRGs are significantly smaller than the NLRGs. Although this could indicate that the statistically lower R ax values in Qs are a result of relatively broader lobes (unexpected in the unified model), this does not appear to be the case and we concluded in section 3.2.3 that the difference in R ax between the Qs and NLRGs was not inconsistent with projection effects, with smaller lobe sizes in Qs for a similar lobe width (Fig. 9) . The fact that we did not obtain a similar result for the low-luminosity spectral classes might indicate a real difference between the high and low luminosity classes, although there was no trend in R ax across the luminosity or redshift range and we found that the low power distribution is possibly more strongly affected by observational effects, with data from a few particularly small and large sources observed at low resolution (Fig. 10) .
On the other hand, evidence for real differences in the Q environments is provided by the distribution of the fractional separation difference as defined by the longer lobe, x lobe (Section 3.3.2). These data show that Qs are significantly more asymmetric than the high power NLRGs. This is not expected from unification directly. Figure 31 . The hotspot prominence, p h , of the primary hotspot plotted against z, binned by high-resolution effective observing resolution. Diagonal cross: effective observing resolution > 100, vertical cross: effective observing resolution ≤ 100. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). Figure 32 . The hotspot prominence, p h , of the primary hotspot plotted against the source luminosity, binned by high-resolution effective observing resolution. Diagonal cross: effective observing resolution > 100, vertical cross: effective observing resolution ≤ 100. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). Figure 33 . The hotspot prominence, p h , of the primary hotspot plotted against the lobe size, binned by high-resolution effective observing resolution. Diagonal cross: effective observing resolution > 100, vertical cross: effective observing resolution ≤ 100. Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). . The S lobe fractional hotspot size, f h S , plotted against the N lobe fractional hotspot size, f h N . Green: low excitation radio galaxies, blue: narrow line radio galaxies, magenta: broad line radio galaxies and red: quasars (on-line colour version). The dotted line indicates f h S = f h N .
It could be consistent with the scheme if relativistic effects were contributing to the observed lobe size asymmetry, which would require relativistic source advance speeds; however, assuming that the kpc-scale jet indicates the approaching lobe and re-defining the fractional separation in terms of the jet-side lobe, x jet , no significant differences were found between any of the spectral classes, so that there is no evidence for the hypothesis that the greater asymmetry of the quasars is due to relativistic effects. This then suggests that the effect is environmental, though of course, as not all sources have jets, the x jet data do not include all sample sources and so will be biased.
SUMMARY AND CONCLUSION
A large complete sample of FRII type radio sources has been studied with high sensitivity, high resolution observations, allowing standard models of unification and relativistic beaming to be tested. The sample consists of 98 sources from the 3CRR sample with z < 1, including 15 Qs, 11 BLRGs and 57 NLRGs, as well as 15 LERGs, and covers a large range in source luminosity (from 5 × 10 24 to 2 × 10 28 W Hz −1 sr −1 at 178 MHz). The high quality of the maps has allowed a comprehensive search for trends and corre- lations between source observables, with source sizes, axial ratios, core, jet and hotspot properties measured from the same observed data.
We have searched for differences in the distributions of the various source observables with respect to the sample's range in power, redshift and source size, and carried out tests of the predictions of the standard model of unification and relativistic beaming. These predictions are that Qs and BLRGs will be statistically smaller, with higher jet detection rates and brighter jets and cores. In addition, there is some weaker evidence that hotspot properties, such as compactness, may be correlated with the jet side, which implies that there is continued relativistic flow in the hotspot regions.
Some evidence for differences in the sample as a function of luminosity were found:
• core prominence was found to decrease with source luminosity. We proposed that a greater proportion of higher luminosity sources have higher parsec-scale bulk flow speeds and experience stronger Doppler suppression: this can be accommodated as a modification to standard unified models.
• Qs are found to be more asymmetric than the high power NLRGs and the evidence is that this is not due to relativistic effects; also no such difference is found between BLRGs and NLRGs. This is possible evidence that there is a systematic difference between the environments of Qs and NLRGs at high radio luminosities, which would not be consistent with simple unification models.
The principal conclusions consistent with the predictions of the standard model can be summarized as follows.
• evidence for beaming on kiloparsec scales was found across the sample; jet detection rates as a function of source class, correlation between core and jet prominence and detections of the LaingGarrington effect were all consistent with relativistic speeds in the kpc-scale jets.
• cores were found to be statistically brighter in Qs and BLRGs than in the corresponding NLRGs, consistent with expectations.
• R ax values were found to be lower in Qs (although not BLRGs) than those in the corresponding population of NLRG, consistent with the expected projection effects.
A further result somewhat independent from the expectations of the standard model was that
• there is evidence from the distribution of R ax that source development has an initial phase where expansion is self-similar or close to being so, possibly on the scale of the host galaxy, before lateral expansion slows or ceases while the expansion along the source axis continues.
We will consider the implications of our measurements for quantitative estimates of the relativistic bulk speeds in cores and jets in a future paper (Mullin & Hardcastle, in prep.) .
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